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© Semiconductor device for high voltage application and method of making the same. 



© The present invention involves the structure of a 
high voltage, thin film semiconductor device and 
method for making such device. In particular, the 
present invention sets forth such a structure and 
technique for making this structure in which a spe- 



cific doping density profile is provided in the struc- 
ture. According to the invention this doping profile is 
linear and enables significantly increased breakdown 
voltages to be achieve. 
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The instant invention relates to semiconductor 
devices which are particularly adapted for high 
voltage applications and to a method of making the 
same. The invention particularly relates to inte- 
grated circuit devices which are manufactured by 
the use of semiconductor-on-insulator (SOI) tech- 
nology and which devices exhibit improved voltage 
breakdown properties. 

A major problem in high voltage integrated 
circuit. technology is to find a satisfactory solution 
for the problem of isolation of components and 
subcircuit sections. 

The usual method of electrically isolating com- 
ponents within a integrated circuit and, more par- 
ticularly, within a power integrated circuit (PIC) or a 
high voltage integrated circuit (HVIC) is by what is 
called "junction isolation". In such a method p-type 
diffusions may be used to isolate various devices 
formed in a n-type epitaxial layer on top of a silicon 
substrate. Such a method is described in Rumen- 
nik, IEEE Spectrum, Vol. 22, pp. 42-48, July 1985. 

Another method of electrical isolation of such 
components is the so-called "dielectric isolation". 
In this method, an electrically-insulating material, 
such as silicon dioxide is used to isolate the in- 
dividual components such as devices operating at 
very different electrical potentials. SOI technology 
when the semiconductor is silicon and the insulator 
is silicon dioxide (hereinafter referred to as 
"oxide") is an example of a dielectric isolation 
method. In this technology the devices are built in 
a jayer of silicon, approximately 0.1-2 urn thick 
which is separated from the silicon substrate by a 
dielectric layer such as silicon oxide typically 0.1-5 
urn thick. 

Several methods are known for producing the 
SOI starting material. In one of these methods 
"SIMOX", silicon oxide is formed by ion implanta- 
tion of oxygen ions into a silicon wafer. 

In another method, zone-melt-recrystallized 
(ZMR) material is prepared by depositing a poly- 
crystalline silicon layer over a oxide-coated silicon 
wafer and converting the polycrystalline silicon into 
a monocrystalline silicon film by irradiating the 
polycrystalline silicon with a power source such as 
a laser or a graphite-strip heater. 

Another method is the bonding and etchback 
or direct bonding method in which two oxide-coat- 
ed silicon wafers are joined together to form a 
strong bond and one of these wafers is thinned to 
the desired thickness. 

Lateral transistor structures for high, voltage 
applications may be seen by way of a lateral n- 
channel DMOS (LDMOS) transistor, such as that 
seen in the article by Rumennik, IEEE Spectrum, 
Volume 22, July, 1985, pages 42-48. In this article, 
discussing power integrated circuits, the arrange- 
ment of a lateral double-diffused MOS transistor is 
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.illustrated in Figure 4C. Jt is noted that such lateral 
MOS transistor enables epitaxial layer thicknesses 
much smaller than those of vertical devices, and 
that increasing the distance between the source 
5 and drain leads to an increase in the breakdown 
voltage. 

The use of nominally high voltage thin film 
structures has been previously discussed in the art. 
For example, the U.S. patent to Tuan, No. 

io 4,752,814, discusses high voltage thin film transis- 
tors using amorphous silicon. In such a structure, a 
gate electrode and source electrode are vertically 
superimposed while a drain electrode is displaced 
laterally from both although at a different vertical 

75 level with respect to each. An undoped or lightly 
doped amorphous silicon layer is provided between 
the source and drain electrodes to conduct current 
to the drain electrode under control of the gate 
electrode. A second gate electrode, also vertically 

20 below the first gate electrode and extending lat- 
erally closer toward the drain electrode, is provided 
to increase breakdown voltage. However, the patent 
is completely silent as to the amount of breakdown 
voltage. 

25 Several methods have been proposed for im- 

proving the breakdown voltage of devices formed 
in the SOI material. 

An offset-gate SOI MOS transistor is described 
in C.I. Drowley et al (Mat. Res. Symp. Proa, Vol. 

30 33, p. 133, 1984). This article indicates that with 
the structure shown a breakdown voltage of 38V is 
achieved. 

A method of increasing the breakdown voltage 
that applies specifically to SIMOX devices is shown 

35 in S. Nakashima, IEEE Transactions on Electron 
Devices, Volume ED-33, No. 1, January, 1986, 
pages 126-132. By this technique, only a mod- 
erately high breakdown voltage is achieved, gen- 
erally of about 180V. 

40 In each of these prior art structures forming the 

background to the present invention, various prob- 
lems and difficulties occur. Especially high break- 
down voltages have not been obtained in the prior 
art. 

45 The problems arising in the prior art have been 

solved by a structure and technique according to 
the present invention. Namely, it has been found 
that the provision of a specific doping density pro- 
file in the drift region between the gate electrode 

so and drain electrode of a lateral field effect transistor 
enables significant increases in the breakdown volt- 
age, especially for very thin (<1 micron) SOI films. 

Accordingly, the present invention enables the 
manufacture of high voltage thin film transistors 

55 having very high breakdown voltages. This is ob- 
tained in the present invention in the manufacture 
of the transistor by introducing impurities into a thin 
layer of silicon through a plurality of openings of a 
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mask having -'different, opening widths to form a 
-plurality of doped regions of different widths, and 
'thereafter/ annealing the structure to form a linear 
doping profile from the plurality of doped regions 
! over a lateral . distance of the thin layer of silicon. 
The carrying out of these steps enables the forma- 
tion of high voltage thin, film transistors, particularly 
of a SOI type, in which a thin layer of silicon having 
a linear doping profile is provided between a 
source electrode and a drain electrode displaced 
laterally from the source electrode at an opposite 
end of the.thin layer of silicon. 

The method of obtaining this semiconductor is 
carried out so that the linear doping profile has a 
minimum doping value at one end of the lateral 
distance of the thin film of silicon and a maximum 
doping value at a second opposite end of the 
lateral distance of the thin layer of silicon. The 
linearity of the doping profile may be achieved by 
the time of annealing of the structure, which time 
can range from at least 12 to about 36 hours. The 
annealing is carried out at a temperature of ap- 
proximately 1150°C. 

Such a linear doping profile enables increased 
breakdown voltage ranging from about 700 volts to 
about 900 volts, significantly larger than that 
achieved in the prior art. The lateral distance of the 
thin layer of silicon over which this doping density 
occurs may be formed to be at least 40 to 50 
microns. Moreover, the linear doping profile may 
be formed with an effective implantation dose given 
by the formula 

Q(X) = Q(O) + (X/L)Q max 

where Q(X) is the doping concentration times the 
SOI thickness at X, X is the lateral distance along 
the drift region, L is the length of the drift region, 
Q(O) is a constant equaling about 10 1t /cm 2 t and 
Qmax . is . a constant equaling about 5x1 0 12 to 
2x10' 3 /cm 2 . 

It is noted that from USP 4.672.738 it is known 
per se to use a doping mask with openings of 
varying width. In this known process however, the 
mask is applied to a bulk substrate, and no linear 
doping profile is obtained in a lateral direction of a 
thin silicon layer. 

The invention will be described in detail, by 
way. of example, with reference to the drawing 
figures. Therein: 

Figure 1 A illustrates a thin film transistor accord- 
ing to the present invention; 
Figure 1B shows a partial plan view of the 
-source and body regions of the transistor in Fig. 
1A; 

Figures 2A, 2B, 2C, 2D, 2E and 2F illustrate 
various stages in the manufacture of the semi- 
conductor device of Figure 1 ; 
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. Figure 3 shows the ion implantation dose profile 
applied to the silicon layer during the manufac- 
ture of the present invention; 
Figures 4A, 4B, 4C, 4D and 4E illustrate the 
5 linear doping profile following annealing for var- 
ious periods of time to form, the present inven- 
tion; 

Figure 5 shows the breakdown voltage relative 
to the lateral distance along the drift region in 
io the present invention; and 

Figure 6 illustrates the variation of the break- 
down voltage relative to the silicon layer thick- 
ness for different oxide thicknesses of the buried 
oxide layer. 

15 Similar reference numbers are used to identify 

corresponding parts of respective drawings. How- 
ever, in order to aid and clarify the descriptions, 
various thicknesses are shown differently in dif- 
ferent drawings. 

20 Figure 1A is a cross section of a high voltage 

SOI LDMOS transistor made according to the 
present invention. Although a high-voltage LDMOS 
is described here, the same principle can be ap- 
plied to other high voltage devices and high-volt- 

25 age integrated circuit components, such as lateral 
diodes and lateral insulated-gate bipolar transistors 
(LIGBT). For example, in the case of a diode, the 
gate 7, gate oxide 8 and the body region 9 seen in 
Figure 1A are omitted; in the ease of the LIGBT, a 

30 suitable minority carrier injector is included adja- 
cent to the drain region 12. 

In the LDMOS structure shown in Figure 1A, a 
buried layer of silicon dioxide 2, for example, is 
provided on a silicon substrate 3. The silicon sub- 

35 strate 3 may be either of the n-conductive type or 
the p-conductive type. A thin film silicon layer 1 is 
provided on the buried layer 2 of silicon oxide. 

This thin layer of silicon 1 is formed with a 
linear doping profile between the polysilicon gate 7 

40 and its underlying gate oxide 8 to the drain region 
12 and aluminum drain contact 16. In particular, the 
linear doping profile is formed with an effective 
dose given by the general relationship 

45 Q(X) = Q(O) + (X/L)Q max 

where Q(X) is the doping concentration times the 
SOI layer thickness at a position X along the lateral 
distance of the linear doping region 5, L is the 

so length of the lateral distance, and the numbers Q- 
(O) and Q max set forth given values of concentra- 
tion times SOI thickness. For example, Q(O) may 
equal 10 11 /cm 2 while Q max may equal 5x10 12 to 
2x10 l3 /cm 2 . This doping profile forms a transistor 

55 with a significantly increased breakdown voltage 
ranging from about 700 volts to about 900 volts, for 
example. 

The transistor structure illustrated in Figures 1A 
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and 1B includes a source region 11 of one con- 
ductivity type having a source contact 14 of alu- 
minum at the side of the gate electrode region 7, 8. 
A body region 9 of a second conductivity type 
extending from a region 13 at the end of the 
source region is also provided. It is noted that the 
region 13. also of the second conductivity type, 
makes- contact -with the region 9 since the source 
region 11 is segmented in the plane perpendicular 
to the page of Figure 1A. This is illustrated in Fig. 
1B. 

The source region 11 and the drain region 12 
may each be of an n + conductivity type, while the 
regions 9 and 1 3 may be of a p and p + conductiv- 
ity type, respectively. 

A gate contact 15 also of aluminum is provided 
to form the thin film transistor structure along with 
the source contact 14 and drain contact 16,. An 
oxide region 17 of, for example, silicon dioxide, is 
formed over the thin film silicon layer 1 and par- 
ticularly between the electrode contacts 14,15 ad 
16. 

This structure of Figure 1 may be manufac- 
tured as an example of a lateral MOS transistor, as 
follows. The starting SOI layer 1, obtained by any 
of the standard techniques described above, such 
as, for example, zone-melting recrystallization or 
direct bonding, is formed on the silicon substrate 3, 
with a buried oxide layer 2 interposed between the 
substrate 3 and the SOI layer 1. The silicon sub- 
strate 3 may be either n-type or p-type. The thin 
layer of silicon 1, called the SOI layer, has a 
thickness of about 2000 - 3000 angstroms and a 
resistivity greater than 0.1 Ohm cm. It may be 
either of the n-type or the p-type, but will be 
described of the n-type for this example. The 
buried oxide layer has a thickness of 2 microns, 
but this may be varied, as will be seen hereinafter. 

The distance 5 of the linear doping profile in 
Figure 1 is formed by providing a mask 4 onto the 
SOI layer 1 as seen in Figure 2B. The mask 4 may 
be formed by a photoresist layer patterned 
photolithographically by a standard technique. 
Thereafter, phosphorus ions are implanted at an 
energy of 100 KeV and ion dose of about 
2x10 13 /cm 2 . The photoresist mask 4 is provided 
with eight openings of varying dimensions to en- 
able the phosphorus ions to be implanted into the 
silicon layer 1 at various amounts. These eight 
openings have a different lateral dimension with the 
dimension increasing, for example, in Figure 2B 
from left to right. As an example, the lateral dimen- 
sion of the first opening is 1 micron, the lateral 
dimension of the second opening is 2 microns, the 
lateral dimension of the third opening is 3 microns, 
etc. 

After this ion implantation is carried out, the 
photoresist layer 4 is removed, the wafer is capped 



with a 1400 angstrom thick silicon nitride layer 18, 
and annealed. The annealing may be carried out 
for various time periods, as will be discussed 
hereinafter, at about 1150*C. The time period, as 

5 may be seen by reference to Figures 4A-4E, must 
be greater than about 18 hours to assure a mon- 
otonic increase in doping concentration from left to 
right, but less than about 36 hours. This combina- 
tion of mask, ion implant, and anneal assures the 

10 approximate linear variation of phosphorus doping 
in the silicon layer 1 over a lateral distance, such 
as the linear doping region 5 seen in Figure 1 . The 
linear variation of phosphorus doping, for example, 
may be over a lateral distance of about 72 microns, 

75 i.e. from 8 microns from the left of the first opening 
(smallest) of the layer 4 in Figure 2B to 8 microns 
to the right of the largest or eighth opening in the 
layer 4 in Figure 2B. This linear lateral doping 
profile is the key feature responsible for the im- 

20 proved breakdown voltage values achieved accord- 
ing to the present invention. 

A photoresist mask 20 is formed over the lin- 
early doped region, and silicon nitride 18 left from 
the previous step of capping and annealing is re- 

25 moved from the region 6 by reactive ion etching. 
After the photoresist layer 20 is removed, the wafer 
is thermally oxidized in steam at about 975 *C for 
170 minutes. This assures conversion of the silicon 
in the region 6 to silicon dioxide while keeping the 

30 thin device region 1 silicon. Chemical etching away 
of any remaining silicon nitride completes this step. 

A 600 angstrom thick gate oxide layer 8 is 
grown over the surface as seen in Figure 2d and a 
layer of polysilicon for a gate region 7 is formed 

35 thereon. A photoresist mask 21 is provided on the 
polysilicon layer to form the gate region 7 and 
underlying oxide region 8 as seen in Figure 2E. 
The layer of polysilicon is approximately 5000 ang- 
strom thick and the unmasked portion of this poly- 

40 silicon layer is removed by reactive ion etching. 
The photoresist mask 21 is then removed. 

A P-body region 9, such as seen in Figure 1B 
is, is formed by implanting boron ions at an energy 
of 40 KeV and dose of about 9.6x1 0 12 /cm 2 in the 

45 region 9, for example, using a photoresist mask 
(not shown). This photoresist mask is positioned 
such that the implantation is self aligned to the 
polysilicon gate 7. After stripping this photoresist, 
the wafer is annealed at 1100° C for 340 minutes to 

50 drive boron to the buried oxide layer 2 and form a 
channel region 10 of about 1.5 micron width. 

Thereafter, the source region 11 and drain re- 
gion 12 are formed by implanting arsenic ions with 
an energy of 190 KeV at. a dose of 7.5x1 0 15 /cm 2 . 

55 This is carried out at the source and drain regions 
using a photoresist mask (not shown). The arsenic 
ions provide a N+ source 11 and drain 12. After 
stripping the photoresist, the wafer is annealed at 
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.950*0 for approximately. 1 hour in such a way that 
300 angstroms of silicon dioxide (not shown) grow 
on the polysilicori 4 gate 7 to insulate it. The P + 
. region 13 is then formed by implanting boron ions 
at* an energy of 30 KeV arid dose of 4x1 0 15 /cm 2 in 
the region 13 illustrated in Figures 1A and 1B is. 
,Again f a photoresist mask (not shown) is used and 
subsequently stripped. The P+ region 13 contacts 
the P body region 9 within segments of the source 
region 11 which is segmented in the plane per- 
pendicular to the page of Figure 1A. A plan view of 
. this segmentation is shown in Figure 1B. 

, A silicon dioxide layer 17 having about 8 per- 
cent phosphorus is deposited onto the wafer at a 
thickness of about 1.3 microns. This layer is 
masked with a photoresist (not shown) to expose 
only regions where the aluminum contacts are de- 
sired to the source region 11, gate region 7 and 
drain region 12. This is seen in Figure 2F wherein 
appropriate openings to these transistor regions are 
shown in the oxide layer 17. The openings to the 
regions 11, 7, and 12 are provided by reactive ion 
etching and thereafter the photoresist is stripped. 
The wafer is annealed at approximately 1000* C for 
30 minutes to smooth the as etched silicon dioxide 
layer '17 to allow better aluminum coverage. Any 
residual silicon dioxide is removed from the contact 
areas and a 1.2 micron layer of aluminum having 1 
percent silicon and a resistance of 25 ohm per 
square is deposited. By appropriate masking, the 
regions 14, 15 and 16 are formed by reactive ion 
etching. The wafer is alloyed at 470 *C for 30 
minutes after stripping the masking. 

A final step of this. method involves the deposi- 
tion of a protective layer (not shown) of silicon 
dioxide haying a 6 percent phosphorus doping, for 
example, at a thickness of 1 .2 microns. Pad areas 
can be provided to make external electrical con- 
nections to the several electrodes 14, 15 and 16. 

As indicated above/the lateral openings in the 
photoresist mask layer 4 in Figure 2B have varying 
distances. This enables the effective implantation 
dose to vary according to the opening size, as 
seen in Figure 3, for example. . 

Figures 4A-4E illustrate the lateral doping ac- 
cording to present invention upon annealing for 
various time periods. As may be seen in Figure 4A 
and 4B, annealing times of 6 and 12 hours provide 
a highly stepped, variation, of the lateral doping 
region. For about 18 and 24 hours of annealing in 
Figures 4C and 4D, the doping becomes relatively 
linear over the distance of. the linear doping profile. 
Figure 4E shows a completely linear doping profile 
upon annealing for at least 30 hours and the linear- 
ity improves with annealing times greater than 30 
hours, such as up to 36 hours. 

This process yields a thin film transistor semi- 
conductor device having a breakdown voltage rang- 



ing from 700 to 900 volts where the drift length Lp',: 
defined as the lateral distance between the poly- 
silicon gate 7 and the N+ drain 12 in Figure 1A, is 
at least 40-50 microns. Figure 5 illustrates ' this 

5 breakdown voltage versus the lateral distance L D in 
microns for a silicon film thickness of 1000 ang- 
stroms and buried oxide thickness of 2 microns. As 
may be seen for a distance between 40 and 50 
microns, the breakdown voltage . is approximately 

w 800 volts. ' 

Figure 6 illustrates a variation of the breakdown 
voltage V relative to the silicon layer thickness . in 
microns for variations of the thickness of the buried 
oxide layers. For a given buried oxide thickness, 

75 and for silicon layer thicknesses below about 1 
. micron, the breakdown voltage increases with de- 
creasing silicon thickness. This is a new effect 
achieved in thin silicon layers with thin buried oxide 
layers. The present invention thus enables the 

20 achievement of high breakdown voltages in devices . 
formed in very thin SOI films, with relatively thin 
buried oxides. The use of thin SOI layers has the 
advantage of enabling high-speed devices with 
high breakdown voltages and greater simplicity of 

25 isolating individual integrated circuit components. 
The use of relatively thin buried oxide layers pro- 
vides improved thermal dissipation, which is an 
important consideration in high-voltage and power 
devices and integrated circuits. 

Claims 

1. A method of manufacturing a high voltage thin 
film transistor in a thin layer of monocrystalline 

35 silicon provided over an oxide layer on a sili- 

con substrate, comprising the steps of 

(a) forming a mask over said thin layer of 
silicon, said mask having a plurality of 
openings, each of said openings laterally 

40 increasing in dimension from that of a pro- 

ceeding opening, 

(b) introducing impurities into said thin layer 
of silicon through said plurality of openings 
to form a plurality of doped regions of dif- 

45 ferent .width, 

(c) removing said mask, and annealing said 
thin layer to form an at least nearly linear 
doping profile over a lateral distance of said 
thin layer of silicon, and 

so (d) forming a transistor structure with said 

thin layer of silicon having said linear dop- 
ing profile. 

2. A method as claimed in Claim 1, wherein said 
55 thin layer is capped with silicon niride before 

said thin layer is annealed, said silicon nitride 
is removed at regions beyond edges of said . 
lateral distance, exposed areas of said thin 
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layer of silicon are thermally oxidized, and 
thereafter remaining portions of said silicon 
nitride are removed. 

A method according to Claim 1 or 2, wherein 
said annealing is carried out for a time be- 
tween 18 and 36 hours and at a temperature of 
approximately 1 1 50 * C. 

A method according .to Claim 1 , 2 or 3, 
wherein said linear doping profile is formed 
with an effective dose given by 



w 



doping profile in contact with a region of 
said thin layer of said first conducitivity 
type, 

(e) a drain region disposed at said second 
opposite end of said thin layer in contact 
with said first conductivity type, and 

(f) electrodes dispoised through said layer of 
oxide to respectively contact said source 
region, said gate region, and said drain re- 
gion. 



Q(X) = Q(O) + (X/L)Q max , 

where Q(X) is the doping concentration times 
the thickness of said thin layer of silicon at X, 
X is the distance along said lateral distance, L 
is the length of said lateral distance, Q(O) 
equals 10 11 /cm 2 , and Q ma * euqals 5x1 0 12 - 
'2x10 13 /cm 2 . 



75 
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A method according to any of Claims 1-4, 
wherein said lateral distance is formed to be at 
least 40-50 urn. 



25 



A method according to Claim 1, wherein said 
step (d) is carried out by the steps of 

(i) forming a polysilicon gate region over 

said thin layer at said one end of said lateral 30 
distance, 

(ii) forming a source region in said thin layer 
at a side of said gate region opposite to 
said linear doping profile, 

(iii) forming a drain region at said second 35 
opposite end of said lateral distance of said 
linear doping profile, and 

(iv) forming electrical contacts to said 
source region, said gate region, and said 
drain region. . 40 



A high voltage thin film transistor of a SOI type 
comprising 

(a) a thin layer of monocrystalline silicon of 

a first conductivity type having a linear dop- 45 
ing profile from one side of said thin layer 
to a second opposite side, said thin layer 
being disposed on a buried layer of an 
oxide, said thin layer and said buried layer 
being disposed on a silicon substrate, so 

(b) a layer of an oxide disposed over said 
thin layer, 

' (c) a polysilicon gate region disposed in 
■ contact with a portion of a second con- 
ductivity type at said one end of said thin 55 
layer, 

(d) a source region disposed adjacent said 
gate region at a side opposite to said linear 
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